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ABSTRACT
Polyimide solutions were treated with silver(l) acetate in the presence of - 
hexafluoroacetylacetone and cast into thin films. Upon thermal curing the silver 
was reduced to generate a reflective polymer surface. Surface reflectivities were 
observed as high as 75 % of the reflectivity of an optical mirror. In an attempt to 
optimize reflectivity numerous polyimides were studied as a function of thermal 
cure cycle, solvent, film base, and polymer molecular weight. The formation of a 
smooth and reflective film is a very subltle phenomenom. None of the silvered 
surfaces was electrically conductive. Lanthanide(lll) compounds were added to 
6FDA/3,3'-ODA to effect a lowering of the coefficient of thermal expansion (CTE) 
after thermal treatment to 33 °C. Holmium(lll) oxide, chloride, nitrate, acetate, 
and acetylacetonate were studied as dopants. Several of these additives led to 
CTE lowerings of ca. 30 % while maintaining acceptable mechanical and thermal 
properties. However, the lanthanide(lll) additives did discolor the films.
- METALLIZATION OF POLYIMIDE FILMS 
TO ENHANCE DIMENSIONAL STABILITY AND 
TO ACHIEVE REFLECTIVE AND CONDUCTIVE SURFACES
2INTRODUCTION TO THE PROBLEM
Two areas of research involving the incorporation of metals into polymers 
are addressed in this thesis. The first is an in situ single stage preparation of 
surface metallized polymeric films with high reflectivity for visible electromagnetic 
radiation. The second is the reduction of the linear coefficient of thermal 
expansion for polyimides which are soluble in the imide form in common organic 
solvents.
Mirrored films have potentially important uses as solar reflectors/collectors 
for space and earth-based applications.1 ’2 The preparation of metallized 
reflectors with polymeric rather than glass substrates has several benefits. First, 
there is a significant reduction in weight since the density of common glass 
ranges from 2.4 to 2.8 g/cm3 while the polymers often have densities of ca. 1 
g/cm3- Secondly, the fragility of mirrors with polymeric substrates would be 
greatly reduced relative to glass supports. Finally, thin film polymeric mirrors 
would be flexible which would allow compact packaging options for subsequent 
unfurled deployment in space applications.
Silver is a superb mirror material based on its intrinsic reflecting 
properties. The specular reflectance of silvered mirrors (a reflection coefficient of 
0.93) is unmatched (Figure 1) with the hemispherical reflectance of a clean silver 
film being greater than 97% weighted over 250-2500 nm, the range of the solar 
spectrum.3 For this reason silvered films have been fabricated and investigated 
for use in solar energy concentration and conversion devices. As seen in Figure 
1 the reflectivity of aluminum in the visible region of the electromagnetic spectrum 
is excellent, and aluminum is chemically resistant due to a very fine oxide
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Figure 1. Reflectivity curves for metals in the visible region of the electromagnetic 
spectrum. (Top curve from F. A. Jenkins and E. White, Fundamentals of Optics, 4th 
ed., McGraw-Hill, 1976; bottom curve from Modern Electroplating, F. A. Lowenheim, 
Ed., Wiley-lnterscience, 1974.)
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coating. However, aluminum is not suitable for the reductive metallization 
process described in this thesis.
The methods most commonly used to fabricate surface metallized films 
are sputtering, thermally induced chemical vapor deposition, photochemically 
induced chemical vapor deposition, electrodeposition, and electroless chemical 
reduction from solution in which the polymer is not soluble. These traditional 
methods, however, involve two or more stages. First, the polymeric film is 
prepared by casting from solution following by thermal curing. Secondly, the 
surface of the polymeric film is often modified via plasma, ion beam, or chemical 
treatments to enhance metal-poiymer adhesion. Thirdly, the metal is deposited 
onto the film surface via one of the above mention processes. A major problem 
with the this multi-step synthesis of metallized films is that the adhesion of the 
more passive metals such as copper, silver, and gold deposited onto the film is 
poor.4 >5 Another problem with the conventional stepwise metallization methods 
is that these processes are not conducive to creating large area films. In order to 
create a large metallized film, small sections of films are independently fabricated 
and subsequently pieced together which results in undesirable distortion- 
producing seams in the mirrored surface. The approach that we have 
investigated in this work is to fabricate metallized films utilizing a single stage in 
situ process which should be applicable and useful for the preparation of large 
continuous films with improved adhesion at the polymer/metal interface.
Specifically, the route that we have investigated to prepare silvered films 
involves the dissolution of a silver(l) species as a coordination complex in a 
solvent which is also used as the vehicle for the dissolution of the polymer. 
Specifically, the common insoluble silver(l) compound, silver(l) acetate, is 
brought into solution by the addition of the mildly acidic (3-diketone, 1,1,1,5,5,5- 
hexafluoro-2,4-pentanedione (alternatively designated hexafluoroacetylacetone
5
and HFAH), which will protonate the acetate ion to give acetic acid and the 
soluble silver(l)-(p-diketonate) complex. A polymer solution, specifically,
A § X (S )  + H )
'n —<X = acetate \
,CF3 ,C F 3
DMAc + HX
POLYMER 
c f 3 SOLUTION c f 3
Scheme 1
a poly(amic acid) resin, is then added to the silver(l) solution. (Aromatic 
polyimide systems were chosen because of the outstanding chemical and
then cast as a film and the film is sent through a thermal cure cycle with the 
expectation that the silver(l)-(p-diketonate) complex will be reduced to Ag(0) and 
that the Ag(0) will migrate to the surface of the film to generate a reflective 
surface. Such an in-situ reduction if silver(l) in poly(amic acid) films has been 
demonstrated and reported by Auerbach** and Taylor et al.9 but has had only 
limited success. Metallization results for a variety of silver(I) acetate- 
hexafluoroacetylacetone poly(amic acid) systems will be discussed.
The second problem of this thesis deals with the thermal dimensional 
stability of “soluble” polyimides. More recent advances in polyimide synthesis 
have led to the production of polyimides which are soluble in the imide 
phase.19"1 ^ This has advantages in the processing of the polymer. The 
incorporation of the hexafluoroisopropylidene group has been very effective in 
the production of soluble polyimides. An example of such a soluble polyimide 
which is the focus of this research is the polymer formed from 2,2-bis(3,4- 
dicarboxy-phenyl)-hexafluoropropane dianhydride, 6FDA, and 1,3-bis(3-
thermal stability of these polymers.9 '7 ) The resulting doped poly(amic acid) is
6
aminophenoxy)benzene, 3,3'-APB. This incorporation of fluorine groups into 
polyimides gives polymers with low dielectric constants and low moisture
6FDA / 3,3'-APB
absorptivity while maintaining excellent resistance to oxidative thermal 
degradation. However, the fluorine groups appear to limit the strength of chain- 
chain interactions and give polymers with relatively high coefficients of thermal 
expansion. Such high coefficients of expansion are detrimental in composite 
devices containing inorganic materials which generally have low coefficients of 
expansion. The mismatch of coefficients of expansion can create stress leading 
to cracking or warping of the device.13 The focus of this second project is to 
take these soluble polyimides and attempt to lower their linear coefficients of 
thermal expansion. Previous attempts to lower the coefficients of thermal 
expansion in polyimides have focused on the modification of monomer structure. 
The approach of this work however, is to attempt to lower the coefficient of 
thermal expansion by the incorporation of lanthanide metal complexes into the 
polymer films. Our hope was that the addition of metal complexes into the 
polymer might cause either coordinative crosslinking or catalyze crosslinking 
between polymer chains, or form a nanocomposite involving a metal oxide 
phase, all of which would linearize and rigidize the polymer structure and lead to 
greater thermal dimensional stability.
7LITERATURE REVIEW AND THE RESEARCH CONTEXT
Polymers containing the imide functionality, -CONCO-, in the main chain 
of the polymer have been investigated since the middle 1950's. Of particular 
interest have been the aromatic polyimides because of their excellent thermal, 
thermal-oxidative, and chemical stability. This class of polymers is illustrated by 
the structure of the prototypical polyimide formed from pyromellitic dianhydride 
and 4,4'-oxydianiline (PM D A /4,4'-O D A). This polymer is commercially produced 
by DuPont with the tradename of Kapton. The thermal stability of
PMDA/4,4'-ODA in air at 300 °C is greater than one month and the zero strength 
temperature is 850 °C J  PM D A /4,4 '-O D A  has a high glass transition 
temperature, >500 ° C, a low dielectric constant and dissipation factor, 3.5 and 
.003, respectively, at 25 °C, and has excellent mechanical properties with the 
tensile strength, tensile modulus, and percent elongation at 25 °C being 25 Ksi, 
430 Ksi, and 70, respectively.14 Selected properties of two commercially 
available polyimide films, Kapton H and Upilex R and S, are summarized in 
Tables I and II. Table III displays a large number of monomers of both 
dianhydride and diamine, with the acronym commonly used for each monomer, 
which have been em ployed in the synthesis of polyim ides.
O O
o  o
PMDA / 4,4'ODA
n
PMDA/ 4,4'ODA
Properties of Kapton® type H. Typical salues (25// film)
Property -  I95°C 25°C 200°C
Physical Properties
Tensile strength, MPa 241 172 117
Stress at 5% elongation. MPa - 90 55
Ultimate elongation % 2 70 90
Tensile modulus, GPa 3.5 3.0 1.8
Folding endurance (M IT ) - 10000 cycles —
Tear strength — propagating - 0.32
(Elmendorf). kg/mm 
Tear strength — initial 20.1
(Graves) kg/mm 
Density g/cmJ — 1.42
Thermal Properties
Glass transition temperature 385°C
Cut-through temperature 435°C (25//m); 525°C (50-125/im) 
2.0 x l 0 ' 5m/tn/oCCocllicionl of thermal expansion
Ileal aging in air 250%' (8 years); 275°C (I year)
Shrinkage % (250°/30min)
300aC (3 months; 400°C (12 hr) 
0.3%
Oxygen index (% ) 37
Electrical Properties
Dielectric strength (25//) volts 10000 7000 5600
Dielectric constant (lOMl^) - 3.5 3.0
Dissipation factor ( I0 J H /) - 0.003 0.002
Volume resistivity (at 50% RH) - I0'*ohni-cm I0 u ohm-ctn
Corona start voltage (at 50% R11) - 465 volts —
Surface resistivity - lO^ohm
Chemical Properties
Hygroscopic cucllicient of 2.2 x 10 * m/m/% RH
expansion (72°F 20-80% R H)
Moisture absorption 1.3% (50% RH (23.5°C)
Gas permeability (l/m2/day/(MPa/mm)): 23°C
2.9% (immersion 24 hr/23.5°C
He 1.61
C 0 2 0.174
H, 0.97
N, 0.023
0 , 0.097
H jO  vapor 0.021
(kg/m*/day/(MPa/mtn)) 
Solvent resistance excellent
Table 1. Selected properties of Kapton H film at 25 jim. (From Scroog.^Oa)
V U W
o Upilex R o
Properties of Upilex® films (25 p)
Upilex R Upilex S
(from ODA) (from PPO)
Mechanical Properties
23°C
Tensile strength (MPa) 172 276
Stress at 5% £ (M P a) 83 180
Elongation (% ) 130 30
Tensile modulus (GPa) 2.6 6.2
200°C
Tensile strength (MPa) 138 151 (300°C
Stress at 5% £  (MPa)' 41 62
Elongation (%) 130 30
Tensile modulus (GPa) 1.4 6.2
Tear strength (23°C) Elmendorf 0.75 0.30
propagation kg/mm) 
M IT  fold > 10 s > I01
Density (g/cm1) 1.38 1.47
Electrical properties
25°C
Volume resistivity (ohm-cm) 10" 10"
Dielectric constant (10J Hz) 3.5 3.5
Dissipation factor (!0JHz) 0.0014 0.0013
Dielectric strength (kV/mm) 280 286
200°C
Volume resistivity (ohm-cm) IUM 10IJ
Dielectric constant (lO 'Hz) 3.2 3-3
Dissipation factor ( IQ-11 Iz) 0.0040 0.0078
Dielectric strength (kV/mm) 280 270
1 hernial Properties
Thermal coefficient of expansion 1.5 (M D ) 0.8 (M D )
Shrinkage (%) (250°C/2 hr) 0.18
(20-l00°C; cm/cm/°( 
0.07
Glass transition temperature 285°C > 500aC
Oxygen index (% ) 55 66
Solvent sensitivity Low Low
Hygroscopic coefficient expansion 2 1
(cm/cm/% RH) 20-80% RH x 10 5)
Chemical Properties
Gas Permeability 0.56 0.043
20°C/24hr water vapor (g/nr/mm) 
30°C (ml/in2/mm)
Oxygen 2.54 0.02
Nitrogen 0:76 -
Carbon dioxide 2.92 0.030
Helium 55.9 -
60% H?0  regain l.l 0.9
Solvent resistance Excellent Excellent
Table 2. Selected properties of Upilex R and S films at 25 jim. (From
Scroog.^Oaj
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Polyimide monomers
Diamines
/>-phenylene diamine PPD
m-phcnylene diamine M P D
4,4'-mcthylcne dianiline M D A
2-chlorophenylene diamine C1PPD
benzidine Bz
2,2'-dichIorobenzidine 2,2'-diClBz
3,3'-dimethylbenzidine 3,3'-diMcBz
4.4' diaminodiphenyl ether O D A
4.4'-diaminobenzophcnonc 4,4 '-D A B P
3,3'-diaminobenzophenonc 3,3'-DABP
4,4'-diaminodiphenyl sulfone 4,4'-SOj D
4,4'-diaminodiphcnyI sulfide SDA
1,4-bis-(4-aminophenoxy)bcnzene APB 4-1,4
1,4-bis-(3-aminophenoxy)benzene APB 3-1.4
1,3-bis-{4-aminophcnoxy)benzcne APB 4-1,3
1,4-phcnylindanc diamine D A P !
2.2-bis-(4-{4'-aminophenoxyphenyl)J hexaluoropropanc 4-B D A F
1,1 -bis(4-aminophenyl-1 -phenyl-2,2.2 trifluoroeihane 3F D A M
2,2-bis(4-aminophenyl)hexafiuoropropane /?,/;'-6FDAM
2,2'-di-bis<trifluoromethyl)benzidinc P FM B 4
3,5-diaminobenzotrifluoride D A B F*
Dianhydrides
pyromcllitic dianhydride PM D A
3,3',4,4'-bcnzophenoncletracarboxylic dianhydridc B TD A
3.3',4,4'-biphenylletracarboxylic dianhydridc BPDA
3,3',4,4'-oxydiphlhalic anhydride O D PA
4,4'-hexafluoroisopropylidencbis(phthalic anhydride) 6F D A
4,4'-bis(3,4-dicarboxyphenoxy) diphcnylsulfide dianhydride BDSDA
3,6-diphenylpyromellitic dianhydridc D P P M D A *
I,4-phenylenebis-(phenylmaleic anhydride l^ -P fP M A f
4,4,-(l-phcnyl-2,2,2-trinuoroelhylidene bis(phthalic anhydride) 3 F D A e
4,4',5,5'-dioxydiphthalic anhydride D O D P A J
4,4',5,5'-sulfonyldiphthalic anhydride D S O jD A
'Research product: F. W. Harris, University of Akron. 
bOccidcntal Chemical Co., Grand Island, N Y , R. Buchanan.
'Research product: Amoco Chemical Co., Naperville, IL , E. K. Field. 
d Research product: Occidental Chemical Co.. Grand Island, N Y . J. Stults. 
* Research product: W. Alston, NASA Lewis.
Table 3. More common polyimide monomers with acronyms. 
(From Scroog. 20a)
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A general method used for preparing aromatic polyimides was first
described in several patents issued to Du Pont from the late 1950's to the middle
60 's . 15,16 jh e  preparation involves the reaction of an aromatic dianhydride and
an aromatic diamine in such polar aprotic solvents as dimethylacetamide
(DMAc), dimethylformamide (DMF), and N-methyl-2-pyrrolidinone (NMP). As
outlined in Scheme 1, the reaction takes place at ambient temperatures to
produce a soluble poly(amic acid) precursor. The poly(amic acid) is then 
O O
O o + H2Nh Q - 0 -^ ~ ) -N H 2 aprotic *
solventO O
5 0 OH y__
- N W N - y - o - O ; -
O H - i r ^ r r  OH 
O O
poly(amic acid)
heat
- 2 H20
n
o o
polyimide
n
Scheme 2
dehydrated, usually thermally to give the corresponding polyimide. The 
preparation of high molecular weight poly(amic acids) is dependent on the 
conditions under which the reaction occurs. Because this is a condensation 
reaction, a 1:1 stoichiometry of dianhydride to diamine is crucial. Thus, very pure 
monomers are required for high molecular weights. The exclusion of moisture 
from the reaction is also crucial as the presence of water could affect the 
stoichiometry by the hydrolysis of the anhydride to an unreactive diacid. Solvent 
could be involved in side reactions at higher temperatures, therefore it is 
necessary in the production of the poly(amic acid) to maintain low to moderate 
temperatures. Jones17 has specified 50°C as a maximum temperature for the 
formation of the amic acid precursor. Three possible reactions which could occur
12
warrant the temperature limitation. Firstly, at higher temperatures partial 
conversion of the poly(amic acid) to the polyimide could occur releasing water 
which would hydrolyze partially the poly(amic acid) and thereby compromise its 
molecular weight. Secondly, extensive conversion of the poly(amic acid) to the 
polyimide at temperatures above 100°C would prematurely precipitate the 
polymer as well as hydrolyze the poly(amic acid). Traditional polyimides such as 
PM D A /4,4 '-O D A  are not soluble in the imidized form. Thirdly, there is a 
possibility of transamidization with amide solvents such as DMAc and NM P.17 
The ideal situation for the formation of the poly(amic acid) is for the polymer to 
remain in solution throughout the reaction.
The poly(amic acid) can then be converted to the polyimide either by a 
thermal or chemical route. The thermal conversion of the poly(amic acid) to the 
polyimide is reported in several patents and publications.6 -7 ’17 A commonly 
used method described in this literature involves the preparation of a film of the 
poly(amic acid) on a glass or metal plate from a resin prepared as described in 
Scheme 1 at a concentration of 10 to 30 weight percent poly(amic acid). The film 
is partially dried at 25 to 100 ° C to give a solids content approximately 65-70%  
(w/w) and then film heated gradually to 300°C and held at that temperature for an 
additional hour. The conversion can be followed by infrared, noting the 
disappearance of the N-H band at 3.08 microns (3247 cm '1) and the appearance 
of the cyclic imide bands at 5.63 and 13.85 microns (1776 and 722 
cm-1) .16 Alternatively, the poly(amic acid) can be imidized to an insoluble 
powder by refluxing in DMAc solution containing toluene to aid in the azeotropic 
removal of water. The imide powders may then be used in selected molding 
operations.
Poly(amic acids) may also be chemically imidized at much lower 
temperature by use of a dehydrating agent along with a basic catalyst.16 The
13
typical procedure involves the use of acetic anhydride and pyridine. 13 A solution 
of the poly(amic acid) is slowly run into a solution containing equal volumes of 
acetic anhydride and pyridine at 65 °C and held at that temperature for 3 h. After 
cooling, if the polyimide is soluble, it is precipitated by the slow addition to water 
vigorously agitated with a blender. The polyimide is then thoroughly washed with 
water and dried under vacuum at 200 °C.
Excellent intrinsic thermal-oxidative stability is the primary reason for the 
extensive research that has been devoted to the synthesis, characterization, and 
modification of traditional aromatic polyimides. (Traditional polyimides in this 
work are defined as those which have generally have insoluble imide forms, 
absorb in the visible region of the electromagnetic spectrum, i.e., they are 
colored, and contain no fluorine.) They also have outstanding resistance to 
irradiation, to mechanical deformation at high temperatures, and to organic 
solvents. As mentioned earlier polyimides have excellent stability at high 
temperatures with many being stable up to and above 500°C; they also have very 
high glass transition temperatures, excellent mechanical properties, and good 
dielectric characteristics. Because of these singular properties polyimides are 
very desirable for use in thin film coatings, moldings, wire enamels, structural 
composites, and other high temperature applications.20 In most all applications 
traditional polyimides must be processed from the poly(amic acid) because the 
polyimides are not soluble. Thus, processing polyimides is often very 
challenging.
The incorporation of fluorine-containing groups into aromatic polyimides 
has been a later development and has been shown to have many advantageous 
effects on polymer properties.21-33 The most commonly utilized fluorine 
containing dianhydride monomer is 2,2-bis(3,4-dicarboxyphenyl)hexafluoro- 
propane dianhydride (6FDA) and the hexafluoroisopropylidene group has been
°  6FDA 0
prominent in other monomers used to prepare fluorinated polyimides. It has 
been shown that the incorporation of this monomer into the polyimide structure 
yields a class of melt-fusible polyimides which have excellent thermal-oxidative 
stability. Examples of such polyimides are 6FDA with the diamines 4,4'-ODA  
and PPD /M PD .10 The glass transition temperatures of many polyimides are 
shown in Table IV. The glass transition temperatures of 6 FDA polyimides are 
generally lower than those of polymers with rigid dianhydride units such as 
PMDA. Furthermore, many of these fluorinated polyimides can be processed 
from solution. Similar polyimides containing no fluorine groups are not generally 
soluble or melt processable, with many degrading before reaching their glass 
transition temperatures. The St. Clair’s and coworkers22-25,31 have reported 
the synthesis and characterization of several different 6 FDA-based polymers 
including those with the following diamines: 3,3'-APB, 3,3'-O DA, 4,4'-BDAF, 
3,3 '-D D S 02, and 3,3'-6F. These polymers maintain thermal-oxidative stability 
but exhibit low dielectric constants (typically < 3) and low moisture absorptivity 
which makes them attractive for microelectronic purposes as insulators and 
encapsulants. These polymers, particularly with meta-substituted diamines, are 
often colorless in contrast to the yellow to red color associated with Kapton and 
similar films of traditional polyimides. Stable colorless films are of great interest 
for use in light weight lenses for solar collectors and concentrators for space and 
terrestrial applications.
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The incorporation of the fluorine-containing groups into polyimides, 
however, has some deleterious effects on the physical properties. The 
coefficients of thermal expansion (CTE) for fluorinated polyimides is significantly 
higher than those for traditional polyimides. For example, PMDA/4,4'-ODA has a 
CTE of ca. 35 ppm/C while that of 6FDA/4,4'-ODA is 52 ppm/°C and that of 
6FDA/3,3'-APB, a polyimide of interest to this thesis, is 48 ppm/°C.
6FDA / 3,3’-APB
(Additional CTE values for fluorinated polyimides are shown in Table V.) This is 
unfortunate and tends to negate for use in electronics the value of the low 
dielectric constant and low moisture absorptivity. A high CTE for the fluorinated 
polyimides in composite electronic devices with silicon and metals of much lower 
CTE can lead to stresses causing warping and cracking. The fact that fluorinated 
polyimides are soluble means that these polymers are solvent sensitive and that 
their use must be restricted to controlled environments. Colorlessness, high 
C T E ’s, and solvent sensitivity are most likely due to the fact that the 
hexafluoroisopropylidene of 6 FDA-containing polyimides is a flexible linkage in 
the polymer backbone and that the bulkiness of the fluorine groups prevents 
close packing or interaction of the polymer chains, thus creating greater free 
volume in the matrix as compared with other typical polyimides. This lack of 
chain-chain interaction cuts down of charge transfer interactions which is most 
likely the origin of color in traditional polyimides. It would be highly desirable to
17
Polyimidc film Tensile 
modulus 
(GP a)
Strength 
at break
(% )
Tensile
strength
(MPa)
TCE
( l o - r a
P M D A -O D A 3.03 45 170 35
B TD A -O D A 1.03 15 150 40
P M D A -4-B D A F 2.83 12 97 36
6FD A -O D A 2.07 50 120 52*
6FD A -4-B D A F 1.83 10 110 —
BPDA-PPD 8.83 34 390 5
PM D A /B PD A  (60/40) 
O D A /PPD  (30/70)
4.72 44 260 19
Table 5. Linear coefficients of thermal expansion and mechanical properties of 
selected polyimides.
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reduce the CTE’s of 6 FDA-containing polymers, and such attempts are part of 
the subject of this thesis.
The production of low CTE polyimides has been the subject of much 
research in the past decade. All of these efforts have focused on tailoring 
monomer structures. Numata et al.34 -42  have systematically studied many 
polyimides in an attempt to correlate the structure of the polyimide backbone with 
the coefficient of thermal expansion. They concluded that polyimides which have 
both linear and rigid backbone structures have the lowest coefficients of thermal 
expansion. This can be seen from the data contained in Table VI which reports 
C TE ’s for polyimides prepared from a wide variety of diamines with three 
prototypical diarrhydrides, PMDA, BTDA, and BPDA. For example,
o o o ft o°W° vOWO o o o
PMDA BTDA BPDA
two such polyimides formed from pyromellitic dianhydride (PMDA) and 3,3',4,4'- 
biphenyl tetracarboxylic dianhydride (BPDA) with 4,4'-diaminoterphenyl (DATP) 
have CTE’s of 5.6 and 5.9 ppm/°C, respectively. The polyimide with 3,3',4,4'- 
benzophenone tetracarboxylic dianhydride (BTDA) and DATP has an increased 
CTE of 18.3 ppm/°C. While this latter polyimide is rigid due to the continuously 
overlapping pi electron system in the monomer segments, the dianhydride moiety 
has three conformations, two being non-linear, which contribute to the overall 
structure of the chains. A similar CTE is seen with BTDA and 4,4'- 
diaminobiphenylene as the diamine. Polyimides with flexible aromatic diamines, 
that is, those diamines containing ether, thioether, sulfoxide, and saturated 
carbon linkages, even with rigid dianhydride units, have CTE's most typically in 
the 40-50 ppm range. For example, the C TE ’s of PMDA with 4,4'-
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(1) (2) (3). S u g r
(A)
(B)
(C)
(D) 
CE)
(F)
(G)
(H)
( I )  
(J) 
(K) 
(L) 
GVD 
(N) 
(O) 
(P) 
(Q) 
(R) 
(S)
CD
(U)
c h 3
H3
r ...
CHj CHj
■ w
ci-ts c h 3 
CH 3 C H 3 
O CH3 O C H 3
 © “
-@ -C H 2 -^ § F  
CH* CH5
- © o @ —@-o-@-
C H j
-©-OngHi -© -o © -
6 hj
-© -o -© - i^ -c X g )-
iFs
^  Q -© -  S P 2 ~ © - Q ^
3.20
0.04
3.48
.61
0.59
0.20
1.37
0.56
1.58
2.16
4.15
4.57 
5.76
5.33
5.01
4.57 
5.14
2.10
2.94
3.95 
2.59
3.95
2.17
1.54
4.91
1.83
1.60
4.28
5.24
4.50
5.36
2.61
5.43
5.39
5.47
0:26
4.00
3.19
0.58
4.00
0.54
0.56
4.64
0.59
1.72
.13
4.56
4.61
4.18
4.85
1.00
5.32
5.69
5.61
4.90
Table 6. Coefficients of thermal expansion for aromatic polyimides. (Values 
have been multiplied by 10^ or multiply table values by 10 to obtain ppm/°C.)
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diaminodiphenyl thioether, 4 ,4 ,-diaminodiphenylmethane, and 2,2-bis[4-(4'- 
aminophenoxy)phenyl]hexafluoropropane (4,4'-BDAF) are 41.5, 45.7, and 45.7 
ppm, respectively. Therefore work to improve the coefficient of thermal 
expansion has focused on the modification of monomer structure to produce 
more linear and rigid polymer chains.
Trofimenko4^ synthesized some xanthene based analogue structures of 
the 6 FCDA and 3FCDA monomers, shown below, in hopes of producing 
polyimides with increased glass transition temperatures, decreased coefficients 
of
3FCDA6FCDA
thermal expansion, decreased solvent sensitivity, while maintaining the low 
dielectric constant and low moisture absorptivity. Auman4 4 >4 5 (a colleague of 
Trofimenko at Du Pont) then took these new rigid dianhydrides and did a 
systematic study of a new class of fluorinated xanthene based, rigid polymers. 
His results are presented in Tables VII and VIII; the structures of monomers for 
these two tables are drawn in Figure 2. As can be seen from these latter tables 
the CTE’s for the polyimides formed from the rigid xanthene monomers with rigid 
diamines have much lower C TE’s than polyimides having one or more flexible 
monomers. This work confirms the conclusion made by Numata et al. However, 
the 6FCDA and 3FCDA polyimides were not soluble in common solvents as were 
the 6 FDA flexible polymers.
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The preparation of “segmented rigid-rod”, organo-soluble films has been 
reported by Cheng et a l.4 ^»47  They have shown that the polyimide from 
S^'A^-biphenyltetracarboxylic dianhydride (BPDA) and 2,2,-bis(trifluoromethyl)- 
4,4'-diaminobiphenyl (PFMB) (Scheme 3) has several desirable properties for 
electronic applications. This polyimide has been shown to have a low dielectric
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CT- r3c CT
6FDA
6FCDA
CJP CT
3FDA 3FCDA
BPDAPMDA
H3C CH
•NH. NH
MPO PPD CH
■NH NH
■NH-
NH
4.4--ODA
1.5-DAN
CF
•NH;NH
CF3
SFOAm3.4'-ODA
Figure 2. Monomer structures and acronyms for polyimides studied by A um an^  
with regard to dimensional stability.
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constant (2.8-2.9 aged at 50 % humidity) over a frequency range of 0.1 to 1
f3c
PFMD or TFDB 
(see below)
MHz), low moisture absorptivity, and a very large reduction in the coefficient of 
thermal expansion (6.98 ppm/°C extrapolated to zero stress) as compared to the 
other polyimides, soluble or otherwise. This polyimide also has a Tg of 287 °C 
and is soluble at elevated temperatures which is favorable for processing in the 
melt or from solution with the polymer in the imidized form.
Matsuura and coworkers48-50 independently of Cheng et al.46,47 made 
use of the 2 ,2 ,-b is(trifluorom ethyl)-4,4,-diaminobiphenyldiamine in the 
construction of polyimides. They refer to this diamine as TFDB. They prepared 
polyimide of TFDB with 6 FDA and PMDA. The 6 FDA/TFDB, being rich in 
fluorine, was found to have high optical transparency, high solubility in solvents 
such as DMAc, NMP, acetone, tetrahydrofuran, and ethyl acetate, and a low 
refractive index of 1.556 at the sodium D line. Of special interest to electronic 
applications, this polyimide had a dielectric constant of 2.8 at 1 MHz and 
exhibited low moisture absorptivity. The CTE, however, was rather high at 48 
ppm/°C as measured on the film as taken from a silicon substrate. On preparing 
the TFDB polyimide using the linear and rigid PMDA Matsuura et al. found that 
the dielectric constant and moisture absorptivity remained low (3.2 and 0.7 %,
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respectively) and that the dimensional stability was vastly improved with the CTE 
being 3 ppm/°C. Finally, by preparing blends of the two polyimides above and by 
the synthesis of copolymers with the PMDA and 6 FDA Matsuura and coworkers 
were able to control the CTE of the polymer system from 3 to 48 ppm/°C.
As discussed earlier with regard to our research goals, we would like to 
develop an approach in which we can reduce the coefficient of thermal expansion 
of a high CTE polyimide by selective doping with inorganic materials of the 
poly(amic acid) or soluble polyimide. Such a protocol would extend the use of 
polyimides such as 6FDA/3,3'-APB, which has numerous desirable qualities, 
such as low dielectric constant, low moisture absorptivity, optical transparency, 
excellent thermal and oxidative stability, and is easily processed in the imidized 
form, by reducing the coefficient of thermal expansion and, perhaps, solvent 
sensitivity as well. This selective dopant approach could be a much simpler and 
more cost effective approach to CTE control than the synthetic tailoring of new 
monomers. We would also like to maintain the visible EM transparency and 
clarity of the film. Very recent research by Lan, Kaviratna, and Pinnavaia^ 1 and 
Yano, Usuki, Okada, Kurauchi, and Kamigaito52, has used the idea of doping 
polyimides with inorganic materials in attempts to improve selected mechanical 
and thermal properties. Specifically, these groups have been investigating the 
use of organically modified soluble two dimensional silicate clays dispersed 
throughout the polyimide matrix. On thermal curing visually clear films have been 
achieved with lowered CTE’s and enhanced mechanical properties. Thus, there 
is now precedent for the control of mechanical and thermal properties by the 
formation of inorganic nanocomposite phases in polyimides.
The controlled surface metallization of dielectric polymer films has been of 
great interest to the electronics industry in terms of conducting layers and 
interlayer devices.53 The National Aeronautics and Space Administration has
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been interested in metallized films for use as light-weight solar collectors and 
concentrators and for inflatable radiofrequency antennasJ >54,55 as mentioned 
earlier the most common methods of preparing a metallized surface are 
sputtering, thermally induced chemical vapor deposition, photochemically 
induced chemical vapor deposition, electrodeposition, and electroless chemical 
reduction from solution. All of these metallization processes require at least two 
steps to achieve the final metal-layered film. It is the purpose of this thesis to 
investigate single step processes leading to a reflective silvered polyimide film. 
Thus, we will review that literature which is germane to the in situ production of a 
metallized polyimide film.
Study into the metallization of polyimide films dates back to work at Du 
Pont in the early 1960's. Endrey^ 6 claimed, but provided little evidence, that 
poly(amic acids) could readily form silver salts, via coordination to polymer 
carboxylate groups, by the addition of silver(l) carboxylate salts to solutions of the 
amic acid precursor. A clear viscous “dope” was formed, upon the addition of 
silver(l) acetate in a large excess of pyridine to a solution of the poly(amic acid) 
formed from pyromellitic dianhydride and 4,4'-diaminodiphenyl methane with 
rapid stirring. The poly(amic acid) salt was then cast onto a glass plate with a 
doctor blade and heated in a vacuum oven to 300°G for 30 min. A polyimide film 
was produced with crystalline metallic silver particles as shown by X-ray 
diffraction. The films were visually clear which meant that the particle dimensions 
were less than ca. 400 nm. Initially the metallized films were not conductive; 
however, upon further heating for several hours at 275 °C an electrically 
conducting surface was achieved. No measurement or mention of the reflectivity 
of the films was made. When Endrey’s recipe was done in our laboratory, we did 
obtain a metallized film which was not reflective and had no mechanical integrity 
when sent through an air cure with a maximum temperature of 300 °C5 7 . This
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perhaps explains the reason why this Du Pont work has never been published 
nor had other reports of similar polyimide silverization appeared in the literature 
until 1984.
It seems unlikely in Endrey’s work that silver(l) coordinates to carboxylate 
groups of the poly(amic acid) chain in the final film-casting solutions. Such 
coordination would be very likely to lead to precipitation of the polymer or to gel 
formation. Indeed, Endrey does state that “more solvent or pyridine or a p- 
diketonic type compound such as ethyl acetoacetate are advised to clear any gel 
or insoluble matter that may form in the polyamide-acid salt solution.” To us it 
seems more likely that pyridine and other ligands coordinate to silver(l) to 
maintain the silver(l) solubility and keep the poly(amic acid) from gelling. The 
resulting silver(l) complex, which is soluble in both the solvent and in the solvent 
free polymer matrix which results during thermal curing, undergoes a thermally 
promoted reduction to the metal to give silver(O) clusters of nanometer 
proportions. While the Du Pont group mentions that p-diketones can be used 
with silver(l) carboxylates, no examples of films prepared with p-diketones were 
contained among the examples.
Conspicuous by its absence in Endrey’s work is the use of silver(l) nitrate 
as a dopant. This salt is of available in high purity at a modest cost and is 
soluble in solvents commonly used to prepare poly(amic acids), e.g., DMAc, 
NMP, DMF, etc. Finally, A u e rb a c h ^  jn 1984, reported the synthesis of 
reflective and conductive films using silver(l) nitrate. He doped the poly(amic 
acid) synthesized from PMDA and 4,4'-ODA in NMP with silver(l) nitrate. Films 
were cast onto glass and alumina plates and dried in a cross flow oven. The dry 
films were then baked at 360°C under a blanket of carbon powder. The carbon 
powder was used to accelerate the reduction of the silver(l) to metallic silver. He 
observed that if too much solvent was used that the evaporation of the solvent
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from the polymer prevented oxygen from reaching the polymer surface leading to 
poor reduction of silver(l) during imidization. He also found that too much silver 
nitrate compromised the qualities of the metallized and imidized film. The 
optimum films were both conductive and reflective although the reflectivity was 
not quantified. Auerbach^8b a |S0 reported that a low power laser could be used 
to effect silver(l) reduction. This has implications for producing conductive lines 
on the polymer surface, the Subsequent work by Boggess and Taylor (1987 ),59 
Linehan, Stoakley, and St. Clair (1992),60 and Rancourt, Porta, and Taylor 
)1987)61 Using silver(l) nitrate as the silver(l) dopant in a variety of poly(amic 
acids) gave films which varied in reflectivity with some being describe as “very 
reflective” and which were not conductive. The only quantitative reflectance 
work60 with silver(l) nitrate found that the reflectivity was maximized in doped 
BTDA/4,4'-ODA when the silver(O) concentration was ca. 10 % and the film was 
post-cured or sintered at 300 °C for 8 h. Most silver(l) nitrate films were on the 
brittle side. Boggess and Taylor59 also utilized silver(l) benzoate, silver(l) 
trifluoromethanesulfonate, and silver(l) sulfate as additives to the several 
poly(amic acids). Some films were described as “shiny” and none were surface 
conductive. Thus, it seems that simple silver(l) salts such as carboxylates, 
nitrate, and sulfate do not give films which are highly reflective, consistently 
conductive, if conductive at all, and which have acceptable mechanical qualities.
The most efficacious silver(l) additive for a single stage metallization of 
polyimide films has recently been published by Rubira, Rancourt, Caplan, St. 
Clair, and Taylor (1994).62 (ti4-1 ,5-Cyclooctadiene)(hexafluoroacetylacetonato)- 
silver(l), [(HFA)(COD)-Ag], is a monomeric four coordinate silver complex 
(commercially available) which is soluble in DMAc and poly(amic acid) matrices. 
Thermal curing to 300 °C of BTDA/4,4'-ODA films doped with [(HFA)(r|4- 
CODJAg] gave films which had reflectivities at 65 to 70 % of the reflectivity of a
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front-surfaced aluminum optical mirror. The adhesion of the silver metal to the 
polymer surface was outstanding and the mechanical properties of the film were 
essentially those of the undoped polyimide. The films were not conductive. It 
can be speculated that the complexation of the silver(l) ion allows for a slow and 
uniform reduction to metallic silver atoms which then migrate as such or as small 
clusters to the film surface to give a very smooth silver layer. One drawback to 
this procedure is the fact that the [(HFA)(r|4 -COD)Ag] complex is somewhat 
unstable and needs refrigeration.63
St. Clair, Carver, Taylor, and Furstsch64 in 1980 reported the preparation 
of conductive palladium metallized films. The films were reasonably reflective 
given the low inherent reflectance of palladium relative to silver. The metallized 
polyimide films were produced through the following procedure. Benzophenone 
dicarboxylic acid dianhydride and 4,4' oxydianiline were allowed to react in N,N- 
dimethylacetamide to form the poly(amic acid) at 20%  solids (w/w). The 
palladium complex was then added to the poly(amic acid) in a 1 :4 mole ratio, 
metal to polymer repeat unit) to give a clear homogeneously doped resin. The 
metal doped resin was then cast onto a glass plate and thermally imidized. Upon 
curing palladium (I I) was reduced, by an unknown mechanism, to give 
palladium(O). The source of palladium yielding the greatest reduction in 
resistivity was bis(dimethylsulfide)dichloropalladium(ll). For this additive the 
surface of the film had a “highly metallic appearance” and was conductive. A one 
million-fold reduction in volume resistivity was also observed. The relevance of 
this palladium work to our silver interest lies in the fact that palladium and silver 
have very similar standard electrode potentials. Thus this work demonstrates 
that noble metals can undergo in situ thermal reduction in a polyimide matrix.
A novel approach for preparing metallized (silver, palladium , and 
platinum) polyimide films was reported in 1982 by Haushhalter and Krause66.
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Their approach involved the reduction of the polyimide with the potassium salt of 
a Zintl anion such as K4 SnTe4 with the formation of a polyimide monoanion 
stabilized by intercalated potassium cations. The reduced polyimide film can 
then be treated with solutions of transition metal cations with more positive 
reduction potentials than the potassium-polyimide salt. The polyimide then acts 
as the reducing agent giving uniform “highly reflective” metallized films with 
palladium(ll) and platinum(ll). These films were also electrically conducting. In 
contrast, silver(l) produced films with resistivities several orders of magnitude 
higher and presumably lower reflectivities. The fact that silver did not give a 
conductive film was attributed to the fact that the silver(l) ions are known to be 
very mobile in solids with the diffusion rate of silver(l) being comparable with that 
of K+- Thus, silver(l) ions diffuse into the bulk of the polymer much more than the 
palladium(ll) and platinum(ll) ions and the surface buildup of metallic silver is 
minimal.
An elegant and fascinating approach to preparing a silvered polyimide film 
has been developed by Mazur and Reich66 at Du Pont. Electrode surfaces were 
coated with polyimide films and immersed in an acetonitrile and 
dimethylformamide solution of silver(l) tetrafluoroborate. The solution was then 
electrolyzed with the polymer being the cathode. Silver(l) migrated into the 
polymer where it was reduced uniformly to produce a silver(O) interlayer which 
was 70 to 600 nm thick depending on the current density. Reflectivity of the 
interlayer reached a maximum of 35 %. Later, Reich, Mazur, and 
Avakian67found that sintering the interlayered films at temperatures ca. 400 °C 
gave reflectivities at 95 %. (Their reflectivity values are not specified as absolute 
or relative.) Manring66 (Du Pont) was also able to prepare interlayered silver(O) 
films by the electroless deposition of silver metal with a polyimide membrane 
separating silver(l) tetrafluoroborate and sodium borohydride solutions. By
32
controlling the concentrations of silver(l) and borohydride the interlayer the 
position of the interlayer could be varied.
The photochemical instability of many silver(l) compounds is well known. 
Thus, one would have expected to see several studies on the photochemical 
reduction of silver(l) in polymers to produce both mirrored and conductive 
surfaces. However, the only work in this area that we have found is due to 
Yonezawa et al.69 (extending the preliminary work of Konishi and H a d a ^ O ) which 
involves the photochemical reduction of silver(l) when incorporated into the 
polymeric alginic acid shown below. Silver(l) nitrate was exchanged into films
COOH H H COOH
r  o -
.OHHO/ OH H'-O
alginic acid
of the sodium salt of alginic acid and then photolyzed at 254 nm using mercury 
lamp. Metallic silver(O) built up on the surface as a function of time. The surface 
was described as a “clear silver mirror” and was conductive after long irradiation 
times. Microscopy showed silver particle sizes from 100-500 nm. No 
photochemical reduction of silver(l) in polyimides has been reported, which could 
be due to the fact that aromatic polyimides absorb strongly in the ultraviolet and 
often into the visible. Alginic acid is mostly transparent in these regions. It might 
be interesting to investigate the photochemical reduction of silver(l) in colorless 
polyimides10 which would at least transmit radiation in the visible.
From the literature cited above it is clear that one can dissolve noble metal 
compounds in positive oxidation states in poly(amic acid) and polyimide 
solutions. The solutions can then be cast into films which upon loss of solvent 
retain the metal ion in a homogeneous dispersion, i.e., the metal compound
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remains soluble in the poly(amic acid) or polyimide matrix. Finally, because of 
the positive standard electrode potentials of these metals, silver, gold, platinum, 
palladium, etc., thermal curing results in reduction to the metallic state. This 
metallic state has the potential to give both reflective and conducting films. What 
remains is to fine tune these metal ion-polymer systems to generate a particle 
size and morphology at the surface to give both high reflectivity and conductivity. 
Our approach to this “fine tuning” in silvered polyimide films is the research of this 
thesis.
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EXPERIMENTAL SECTION
I. Experimental Section for the Enhancement of 6FDA/APB Properties Via the 
Addition of Holmium Complexes
Materials and reagents. 2,2-Bis-3,4-hexafluoropropane dianhydride was 
purchased from Hoechst Celanese and vacuum dried for 17 h at 110°C prior to 
use. 1,3-bis-aminophenoxy benzene was purchased from National Starch Co. 
, and was used as received. The imidized 6FDA/3,3'-APB was obtained by the 
addition of 6FDA to a dimethylacetamide (DMAc) solution of 3,3'-APB to first 
prepare the poly(amic acid) at 15% solids (w/w). The dianhydride was in excess 
by 0.5% molar excess as this would endcap reactive amine groups. The reaction 
mixture was stirred at room temperature for 7 h. The inherent viscosity of the 
poly(amic acid) was determined to be 1.4 dl_/g at 35°C. This amic acid precursor 
was then chemically imidized by addition of three moles each of pyridine and 
acetic anhydride for every one mole of the poly(amic acid) in solution. The 
imidizing solution was stirred for 12 h after which the polymer was precipitated by 
slowly running the imidizing solution into water vigorously stirred with a 
commercial blender. The polyimide was filtered off and washed several times 
with copious quantities of deionized water. Finally, it was vacuum dried at 200°C  
for 20 h. The inherent viscosity of the polyimide in DMAc was 0.81 dL/g at 35°C.
The holmium compounds which were used were obtained from the 
following sources. Holmium(lll) nitrate pentahydrate, holmium(lll) chloride, and 
holmium(lll) oxide were obtained from Alfa Inorganics. Holmium(lll) acetate 
tetrahydrate was obtained from Rare Earth Products Limited. The compound is 
actually sold as an unspecified hydrate. Thermal gravimetric analysis (TGA)
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showed that the hydrate was the tetrahydrate; the exact molar ratio of water to 
metal was 3.93 :1. Anhydrous holmium(lll) acetate was obtained by placing the 
te trah yd ra te  under vacuum  at 140 °C  for 5 h. T ris (2 ,4 -  
pentanedionato)holmium(lll) was purchased from REacton as an unspecified 
hydrate. Again, TGA indicated that the nominal number of hydration is three; we 
subsequently assumed a trihydrate in the preparation of all films. All holmium 
compounds purchased were of a minimum purity of 99.9%.
Preparation of metallized polyimide film s. All metal(lll) doped imidized 
6FDA/3,3'-APB solutions were prepared by first dissolving the metal salts in 
DMAc and then adding solid polyimide to give a final solution at 15 % solids (w/w, 
excluding the additive). The solutions were stirred for 2-4 h to dissolve all of the 
polyimide. Generally, the scale of preparation was at 1.5 g of polyimide. The 
resulting solution was homogeneous in all cases with exception of the 
holmium(HI) chloride and the holmium(lll) oxide solutions. Both of these 
solutions were slightly hazy with solid particles clearly visible. The metal doped 
resins were then cast as films onto soda lime glass plates using a doctor blade 
set to give cured films near 1 mil (25 mm). The films were allowed to sit for 
approximately 15 h at room temperature at 10 % humidity under slowly flowing 
air and were then cured in a forced air oven at 100, 200, and 300 °C for 1 h at 
each temperature. After sitting in a low humidity environment the anhydrous 
holmium(lll) acetate doped film was hazy. The cured films were removed from 
the glass plates by soaking in deionized water. It was generally necessary to 
heat the water to 60 °C.
Characterization. Thermogravimetric analysis, differential scanning 
calorimetry, and thermal expansion measurements were performed with Seiko 
TG/DTA 220, DSC 210, and TMA 100 systems, respectively. Transition electron 
micrographs (TEM) were obtained with a Zeiss CEM 902 TEM at the Virginia
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Institute of Marine Science. X-ray data was obtained with a Phillips 3600 
Diffractometer. Mechanical measurements were made at room temperature on a 
Sintech Model 2000/2 table top load frame.
II. Experimental Section for Silver Metallization Studies
Materials and reagents. Several different polymer systems were tested 
to see whether acceptable metallized films could be produced via in-situ 
approach of this thesis. The various polymers investigated are shown in Figure 
3. Within Figure 3 two classes of polyimides are to be distinguished. These are: 
1) polyimides which are soluble in DMAc in the imidized form and 2) polyimides 
which have insoluble imide forms. The soluble polyimides were doped with 
silver(l) in the imidized form so that thermal curing was only necessary to affect 
silver(l) reduction. For those polyimides not soluble in the imide form, silvered 
films were prepared by dissolving the silver(l) system in a DMAc solution of the 
poly(amic acid). Subsequent thermal curing then both imidized the polymer and 
brought about silver(l) reduction. The soluble polyimides used in the imidized 
form were 6FDA/3,3'-APB, 6FDA/4,4'-BDAF, 6 FDA/DDSO2 and 6 FDA/DADPC. 
There structures are displayed in Figure 3.
6FD A/3,3 '-A PB  was synthesized via the same route as previously 
mentioned. 6FD A /4.4' BDAF, 6 FDA/DDSO2 , and 6 FDA/DADPC were all 
synthesized using the same procedure as for 6FDA/3,3'-APB but employing as 
diam ines 2 ,2 -b is[4 -(4-am inophenoxy)phenyl]hexafluoropropane, 3 ,3 '-  
diaminodiphenyl sulfone, and 4,4’-diaminodiphenyl carbonol, respectively. All of 
the poly(amic acids) were prepared by combination of the appropriate diamine 
and dianhydride in a 1 :1 molar ratio and left in the poly(amic acid) form in DMAc
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as 15 % (by weight) solutions. Some resins, synthesized in the same manner, 
were obtained from K. Mason Proctor.
Silver(l) acetate and DMAc (HPLC grade < 0.03% water) were purchased 
from Aldrich with minimum purities of 99.9%  and were used as received. 
Hexafluoroacetylacetone (HFAH) was obtained from Aldrich and was redistilled 
under dry nitrogen prior to use.
Preparation of silverfh-doped polym er film s. Silver(l) acetate is not 
soluble in DMAc. However, if one or more equivalents of HFAH is added to 
DMAc followed by the addition of the silver(l) species, dissolution readily and 
completely occurs. Thus, silver-containing resins are prepared by first dissolving 
the silver(l) acetate in DMAc, using one or more equivalents of the solubilizing 
ligand, followed by the addition of either the soluble solid polyimide or the 
poly(amic acid) solution. The solution is stirred for ca. 30 min before casting 
films. Although there is always concern for photochemical decomposition with 
silvered systems, these doped films were not sensitive to light for at least a 24 h 
period. Thus, the films were not protected from light. Films were cast onto soda 
lime glass plates using a doctor blade set at approximately 15 mil to give films ca. 
1 mil thick. The films were placed in a low humidity atmosphere (10%) for 
approximately 5 h to evaporate excess solvent from the films. The tack-free films 
were taken and run through a thermal cure cycle of 100, 200, and 300°C (unless 
otherwise stated) in a forced air oven. Films formed metallic surfaces on both the 
air and glass sides during the cure. The metallic layer on the glass side generally 
caused the films to detach from the glass plates except at the edges. The films 
were removed from the glass plates by scoring the edges of the film with a razor 
blade. Samples for reflectivities were prepared using 2 in square glass plates 
and double sided tape upon which a 2 in square piece of the film affixed.
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Characterization. Surface resistivities were examined with an Alessi four 
point probe. Reflectivity measurements were made with a Perkin-Elmer Lambda 
5 or 9 UV/VIS spectrophotometer equipped with a variable angle specular 
reflectance accessory using a wavelength of 531 nm. (Reflectivity 
measurements are relative to a Perkin-Elmer polished aluminum optical mirror 
with a reflectivity coefficient of 0.92 at 531 nm.) All other characterization 
instrumentation was the same as used in the CTE project.
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RESULTS AND DISCUSSION
The first part of the research of this thesis is devoted to preparing silvered 
polymer surfaces by a single stage metallization process. Early success in 
reducing silver(l) to native silver in polyimides with subsequent migration of a 
portion of the silver to the surface was demonstrated by Endrey (DuPont - 1963), 
Auerbach (General Electric - 1984), and Taylor and coworkers (Virginia 
Polytechnic Institute and State University - 1987). Endrey utilized 
bis(pyridine)silver(l) species in his patent examples, and Auerbach, Taylor and 
coworkers, and Linehan, Stoakley, and St. Clair (1992) used silver(l) nitrate. 
Boggess and Taylor (1987) also studied silver(l) benzoate, silver(l) triflate, and 
silver(l) sulfate. None of this work, however, was particularly successful for the 
reproducible production of metallized silver surfaces which were highly reflective 
or conducting. Thus in 1993 there still remained a need to discover improved 
silver(l) additives if the goal of reproducibly preparing conductive and highly 
reflective films was to be realized by an in situ, single stage, self-metallization 
process.
In 1994, Rubira, Rancourt, Caplan, St. Clair, and Taylor9 reported on the 
use of the (1,1,1,5,5,5-hexafluoroacetylacetanato)(r|4 -1,5-cyclooctadiene)silver(l) 
complex for the production of metallized films. The use of this complex led to 
silver metallized films with BTDA/4,4'-ODA which, at that time, had the highest 
reported reflectivities at 65 % relative to a front surfaced aluminum optical mirror. 
The (HFA)(r|4-COD)Ag(l) is commercially available and silver metallized films 
were reported to be reproducibly and readily attained. At the same time, Caplan, 
Southward, Thompson, Thompson, and St. Clair79 reported a simplified 
procedure to give reproducibly highly reflective films. This procedure uses
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hexafluoroacetylacetone as a solubilizing ligand for silver(l) acetate or silver(l) 
fluoride in a dimethylacetamide-BTDA/4,4'-ODA polyamic acid solution. This in 
situ process led to metallized films with reflectivities of 70-75 % relative to the 
reflectivity of. a front surfaced aluminum optical mirror. These values are the 
highest reported for the in situ method of producing silver metallized films, and 
this metallization system maintains acceptable thermal and mechanical 
properties of the basic BDTA/4,4'-O DA polyimide. Southward et al. also 
dem onstrated  that s ilver(l) fluoride could also be used with 
hexafluoroacetylacetone in BTDA/4,4'-ODA to reproducibly give metallized 
films.SO Both silver(l) acetate and fluoride are brought into solution because the 
acetate and fluoride anions are weak bases and abstract a proton from 
hexafluoroacetylacetone to yield a (hexafluoroacetylacetonato) silver(l) complex 
and acetic acid or hydrogen fluoride in solution. The large formations constants 
associated with metal-p-diketonate complexes also aids this process. The work 
cited in this paragraph used only BTDA/4,4'-ODA as the supporting polymer and 
was done with essentially one cure cycle, slow heating to a maximum 
temperature of 300°C and holding at that final temperature for one hour. It 
therefore seem ed appropriate to examine the efficacious silver(l) 
acetate/hexafluoroacetylacetone metallization system with additional poly(amic 
acids) and polyimides and to examine the role of the cure cycle on the final silver 
mirror qualities. Previous work was also limited to only dimethylacetamide as the 
solvent and to a single average polymer molecular weight. Therefore, in this 
study other solvents and varying molecular weights for the polymer, as 
determined by viscosity, were investigated.
Table 9 displays the metallization data for a variety of polyimides, some 
used in the soluble imide phase and others as the amic acid, as well as two 
polyarylene ethers, which also have excellent high temperature stability. Figure 3
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shows the structures along with acronyms for the polymers used in this study.
The addition of silver(l) acetate alone to a poly(amic acid) causes gelation even
though silver(i) acetate is not appreciably soluble. Therefore, an additional
crucial role of hexafluoroacetylacetone is to prevent gelation. All poly(amic acids)
doped with the silver(l) acetate/hexa-fluoroacetylacetone system produced clear
solutions from which films were readily cast. The films were sent though a cure
cycle in a forced air oven which was held for one hour at each temperature, 100,
200, and 300°C. This cure cycle was used effectively to produce silver
metallized BTDA/4,4'-ODA films and is also a typical thermal cure cycle used to
imidize poly(amic acid) films. We first thought that the use of any polyimide or
poly(amic acid) would produce an acceptable silver metallized polymer with
acceptable film qualities. However, from our extensive study using the in situ
method described above with other polyimides, we have found that the
fabrication of silver metallized films with acceptable film qualities is subtle and
»
complicated. As can be seen from the Table 9, none of the polymers tried had 
the combination of reflectivity with acceptable film quality (adhesion, surface 
irregularities, flexibility) that was seen with the metallized BTDA/4,4'-ODA  
system. Many of the polymers examined produced a silver metallized surface. 
However, the physical appearance of these surfaces varied greatly, and was 
manifested in varied reflectivitites and adhesion of the silver metal to the polymer 
surface. Several of the metallized polyimides had a purple sheen to the surface 
which is most likely due to particle size dependent scattering, while others had 
metallized surfaces that exhibited a hazy white or yellow hue. Films which gave 
highly reflective surfaces include: 6FDA/3,3'-APB (imide), 6FDA/4,4'-DADPC
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Figure 3. Structures of polyimides used in the silver mirror studies.
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Figure 3. Conintued from previous page. Structures of polyimides used in the silver mirror studies.
Table 9. Metallization studies of selected polyimides and polyarylene ethers with silver(l) 44  
acetate/hexafluoroacetyacetone in dimethylacetamide cured to 300 °C and held for 1 h.
(All films were prepared as amic acids unless otherwise indicated as “imidized form” in the Table.)
Polymer Reflectiv­
ity at 20*
Flexible Appearance Adhesion Percent
Ag
6FDA/33-APB 
(imidized form)
71 Yes Silver; bubbled Poor 6.0
6FDA/4,4’-BDAF 
(imidized form)
28 Yes Silver; white haze Fair 6.0
dFDAM^'-DDSOl 
(imidized form)
Not
measurable
No Purple sheen; massive 
bubbles
Not
applicable
6.0
XU-218 
(imidized form)
29 Yes Silver-purple sheen; flat Poor 4.0
6FD A/4,4' -D ADPC 
(imidized form)
53 No Silver-purple sheen;flat Poor 6.0
6PDA/33-APB 52 Yes Silver; very minor bubbling Excellent 6.0
6PDA/4,4’-BDAF 58 Yes Silver; bubbled Poor 6.0
6FDA/4,4'-DDS02 40 No Silver with fine particles and 
small bubbles
Fair 6.0
6FDAy4,4’-DADPC 72 No Silver; flat Poor 6.0
6FDA/3,4'-ODA 65 Yes Silver; bright; very slight 
small bubbles
Good 6.0
6*D A/4,4*-ODA 72 Ves Silver; bright; bubbled. 
Some films were flat.
Variable 
poor to good
6.0
0FDA/4,4'-1V1DA 68 No Silver; bubbled Fair 6.0
6FDA/DADPS 57 No Silver-purple sheen; bubbled Fair 6.0
6FDA/4,4-APB 70 Yes Silver; bubbled Fair 6.0
IP AN/33’-APB Not
measurable
No Silver; massive bubbling Fair 6.0
IP AN/4,4' - ODA 31 Yes Silver; hazy yellow, wrinkled Fair 6.0
ODP A/4,4’ -ODA 15 Yes Silver; textured; irregular 
surface
Good 6.0
ID PA/4,4* - Ot) A Not
measurable
No Brown; massive bubbling Not
applicable
6.0
SiDA/4,4'-ODA Not
measurable
No Shattered; totally 
fragmented
Not
applicable
6.0
PMDA/4,4*-ODA 68 Yes Silver; slight haze; flat Fair to good 
jirregular
6.0
b Td a /4,4*-a p b 66 No Silver; no bubbling; flat but 
rolled up during cure
Poor 6.0
BTDA/33'-APB Not
measurable
No Silver-purple sheen; massive 
bubbles
Good 6.0
6FD A:BTDA/4,4' - 
ODA
51 Yes Silver; fine unifrom texture Excellent 6.0
PAEBI Not
measurable
Yes Brown; no apparent silver Not
applicable
6.0
PAEPO 52 (53) Yes Silver; slight haze; flat Excellent 5.0
PAEPO 16 (26) Yes Silver; hazy white; flat Excellent 6.8
PAEPO 12 (30) Yes Silver; haxy; flat Excellent 6.0 1
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(amic acid), 6FDA/3.4-ODA (amic acid), 6FDA/4,4'-ODA (amic acid), 6FDA/4,4'- 
MDA (amic acid), 6FDA/4,4'-APB (amic acid), PMDA/4,4'-ODA (amic acid), and 
BTDA/4,4'-APB (amic acid).
Bubbling of the films during the cure is the greatest barrier to producing 
acceptable mirrored films. Of the reflective films mentioned above, only a few 
have been shown to produce flat or relatively flat mirrored films. 6FDA/4.4'- 
DADPC (amic acid) which was highly reflective (72 %) and flat, unfortunately had 
poor adhesion of the silver layer and was very brittle and cracked on the glass 
plate due to surface stress. PMDA/4,4'-ODA was also flat with a reflectivity of 68 
% even though the film had a slight haze. The adhesion of the silver layer to the 
surface of the polymer was irregular from fair to good. 6FDA/4,4'-ODA was the 
only other polyimide with a high reflectivity (72 %) that produced a flat mirrored 
film. However, flat films were not readily reproducible, and the adhesion of the 
silver to the surface was also variable from poor to good. The other high 
temperature polymers studied, PAEBI and PAEPO shown below, produced flat 
films. Unlike all of the other films tested, PAEBI showed no metallization of the 
surface of the polymer and no indication of the migration of silver. The silver 
reasonably remained dispersed in the polymer matrix due to interaction with the 
benzimidazole nitrogen. PAEPO produced a flat metallized film with 52 % 
reflectivity and with excellent adhesion. From this more extensive study we 
found that even though reflectivities are good, bubbling is a serious problem as 
well as adhesion at the silver-polymer interface. We speculate that the 
mechanism for good adhesion to the polymer involves mechanical interlocking of 
the silver particles by the polymer. This assumption is supported by the 
photoelectron spectroscopy of the BTDA/4,4'-ODA metallized polymer surface 
which shows abundant carbon, oxygen, and nitrogen at the surface of the film; 
silver is only 20 atom percent.74 Some polymers doped with the silver additive
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system are totally compromised including SiDA/4,4'-ODA (amic acid), 6FDA/4,4'- 
DDSO2 (imide), and IDPA/4,4'-ODA. None of the polymers using this additive 
system were conductive as measured by four point probe. It can be seen with 
the BTDA/4,4'-ODA surface and transition electron micrographs that the silver 
particles on the surface are separated and not touching.73 -74
As mentioned earlier, recent work has not focused on solvent choice or 
cure cycle variations. Thus, to investigate solvent and cure cycles we chose 
6FDA/3,3'-APB because it has relatively high reflectivity, is soluble in the imide 
form, and has a high fluorine content. It was hoped that enhanced migration 
would occur in an imidized fluorinated polymer due to reduced chain-chain 
interactions allowing freer movement of silver clusters and due to the lack of 
carboxyl groups which could coordinate with silver(l) and hinder migration during 
the cure. Using a standard cure cycle and the s ilver(l) 
acetate/hexafluoroacetylacetone system as above, three films were made, one in 
2-methoxyethyl ether (diglyme), one in N-methyl-2-pyrrolidinone (NMP), and one 
in dimethylacetamide (DMAc). The film in DMAc gave the highest reflectivity (71 
%) and had a bright silver layer. Both the films in diglyme and NMP gave silver 
layers with bluish tints, the one in NMP being deeper blue. Thus, DMAc was 
chosen as the solvent for use in a cure cycle study.
Four cure cycles were chosen to determine the effect of thermal treatment 
on the reduction of silver and the formation of a mirrored surface. The results of 
this study with 6FDA/3,3'-APB are shown in Table 10. The film cured to 250°C  
for 1 h had a visually brighter silver layer than the film cured to 300°C and a 
slightly higher reflectivity (73 %). The film cured to 220°C dropped in reflectivity 
to 41 %. Its surface was irregularly and minimally silvered and brown. It was 
obvious that the silver had not been able to migrate effectively at this 
temperature. Upon postcuring this latter film to 300°C it became more reflective
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Table 10. Cure cycle and solvent study of the metallization of imidized 6FDA/3,3'-APB 
doped with silver(l) acetate/hexafluoroacetylacetone in dimethylacetamide.
Cure Cycle Solvent Reflectiv­
ity
Reflectivity of 
post-core at. 
300°Cforlh
Appearance
10 min to 100°C for T h 
20 min to 200°C for 1 h 
30 min to 300°C for 1 h
Diglyme 63 Not post-cured Silver; blue tint; 
bubbled
10 min to 100°C for 1 h 
20 min.to 200°C for 1 h 
30 min.to 300°C for 1 h
NMP 55 Not post-cured Silver; bluer tint; 
bubbled
10 min to 100°C for 1 h 
20 min to 200°C for 1 h 
30 min to 300°C for 1 h.
DMAc 71 Not post-cured Silver; bright; 
bubbled
10 min to 100°C for 1 h 
15 min to 150°C for 1 h 
30 min to 200°C for 30 min 
30 min 250°C for 1 h
DMAc 73 66
Silver; brighter than 
300 fllm;bubbled; 
flattened on post- 
curing
10 min to 100°C for 1 h 
30 min 170°C for 1.5 h 
1.5 h to 220°C for 30 min
DMAc 41 60
Slightly silver; 
brown; bubbled; 
irregular silver 
surface and flattening 
upon post-cure
10 min to 100°C for 1 h 
20 min to 170°C for 1 h 
1 h to 200°C for 3 h
DMAc 12 58
Brown sheen; 
bubbled; silvered and 
flattened on post­
curing
12 h to 300 °C for 1 h. DMAc 55 Not post-cured Silver; textured and 
bubbled
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(60 %). The film cured to 200°C did not develop any visible silver layer. The 
surface had a brown sheen and was 12 % reflective. The reflectivity increased to 
58 % upon postcuring at 300 °C. The role of postcuring is uncertain but may 
involve a pathway to greater migration of silver clusters to the surface and 
enhance aggregation via a sintering process.6? At 300 °C there is very little, if 
any, silver-catalyzed oxidation of the polyimide in the BTDA/4,4'-ODA - silver(l) 
acetate/hexafluoroacetylacetone system. From the TGA (Figures 4 and 5) of 
(1,1,1,5,5,5-hexafluoro-2,4-pentanedionato)(r|4-1 ,5-cyclooctadiene)silver(l) it 
seems very likely that most of the silver(l) is reduced by 200 °C and that the lack 
of a thick mirror at a maximum cure temperature of 200 °C is due to the need for 
more efficient migration of silver to the film surface.
Auerbach58 suggested in his metallization study of PMDA/4,4'-ODA with 
silver(l) nitrate that the evaporation of excess solvent in the film during the cure 
prevented oxygen from reaching the surface of the film and aiding reduction of 
the silver(l) in some unknown manner. The TGA curves for (1 ,1,1,5,5,5- 
hexafluoro-2,4-pentanedionato)(r[4-1,5-cyclooctadiene)silver(l) in both air and 
nitrogen are virtually identical. Thus, it did not seem likely to us that air is an 
essential part of the metallization process. To support our assumption we 
examined 6FDA/3,3'-APB doped with [(HFA)(ri4-COD)Ag] and our silver(l) 
acetate/hexafluoroacetylacetone under both air an nitrogen environments. The 
results displayed in Table 11 show that there is no dominant role for air in the 
reduction process and the formation of the silvered surface.
A more thorough study of cure cycles and solvents for the metallization of 
6FDA/4,4'-O DA was carried out because of its high reflectivity and ability to 
produce flat metallized films. The polymer has excellent mechanical and thermal 
properties.21 a.b 6FDA/4,4'-ODA was also chosen because of its fluorine content 
which might aid in the migration of silver to the surface of the film. Fluorine is not
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Table 11. Comparison of air and nitrogen atmosphere cures of 6FDA/3,3'-APB  
films doped with (hexafluoroacetylacetonato)(1,5-cyclooctadiene)silver(l) in 
dimethylacetamide cured to 300 °C and held for 1 h.
Atmosphere Reflectivity {% at 20°) Flexible Appearance
Air 49 Yes Silver; slight haze; 
bubbled
Nitrogen 48 Yes
Silver; slight haze; 
bubbled; slight 
greenish sheen
Air 71 Yes
Silver; bubbled
Nitrogen 58 Yes
Silver; bubbled;slight 
greenish tint
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minimally polarizable and gives rise only to weak intermolecular forces. Five 
different cure cycles all reaching a final temperature of 300°C were used. The 
time between 100°C and 200°C, the temperature range where silver(l) reduction 
is occurring according TGA data for [(HFA)(rt4-COD)Ag], was varied to determine 
an optimum cure cycle to give reflective and flat metallized films. From Table 12 
it can be seen that films from all of the cure cycles produced metallized films with 
very reflective silver surfaces (66 % to 68 %) that were mainly flat with the 
exception of minimal bubbling around the edges of the films. Therefore, since 
the reflectivities were all similar, the optimum cure cycle was chosen by the visual 
morphology of the silver surface. The cure of 10 min to 100°C for 1 h, 30 min to 
150°C for 30 min, 30 min to 175°C for 30 min, 30 min to 200°C for 1 h, and 30 
min to 300°C for 1 h was chosen as most effective cure cycle because the film 
treated under this thermal program had the smoothest (no fine texture) and 
flattest silver surface.
Using the optimum cure cycle a concentration study was conducted to 
determine the most efficacious concentration of silver for production of highly 
reflective surfaces. Films were made at concentrations of 4, 6, 8, and 10 % silver 
by weight. As shown in Table 13, all silver concentrations gave metallized films 
which were flat with minimal bubbling with exception of the 4 % film which was 
bubbled. When repeated and cast at 12 mil, the 4 % silver film was reflective and 
flat. The reflectivities of the 4 and 6 % films were comparable (66 %), but as the 
percentage of silver rose to 8 and 10 %, the silver surfaces produced became 
progressively duller which was seen in the decreasing reflectivity. These 6 and 8 
% silver films were compared with 6 and 8 % films prepared with a 6FDA/4.4'- 
ODA resin with approximately twice the viscosity ( rj = 0.78 versus 1.44 dL7g at 
35 °C) to ascertain if the molecular weight of the polymer affects the migration 
silver to the surface and formation of highly reflective films. Indeed, as shown in
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Table 12. Cure cycle study for 6FDA/4,4'-O DA doped with silver(l) acetate/hexafluoroacetylacetone 
in dimethylacetamide. (Silver concentration is 6.0 %  for all samples.)
Curecycte Tg
fC ) Weight Loss 
f Q  
A ir /N 2
Appearance Reflectivity
(% )
at
20% 45% 70°
Flexibility
10 min to 100 C for 1 h 
15 min to 200 C for 1 h 
30 min to 300 C for 1 h
286 353/502
Silvered /15  mil 
seriously bubbled / 
12 mil flat
67 / 52 / 40 Creaseable
10 min to 100 C for 1 h 
30 min to 150 C for 30 min 
30 min to 200 C for 1 h 
30 min to 300 for 1 h
280 371 / 507
Silvered and flat 
slight texture 
edges slightly 
bubbled
66 / 53 / 34 Creaseable
10 min to 100 C for 1 h 
30 min to 150 C for 30 min 
30 min to 175 C for 30 min 
30 min to 200 C for 1 h 
30min to 300 C for 1 h
281 362 / 507
Silvered and flat 
minimal bubbling 
at edges
6 6 /5 1 / 3 6 Creaseable
10 min to 100 C for 1 h 
30 min to 125 C for 30 min 
30 min to 150 C for 30 min 
30 min to 175 C for 30 min 
30 min to 200 C for 1 h 
30 min to 300 C for 1 h
281 362/498
Silvered and flat 
slight 
miscellaneous 
bubbling
68 / 53 / 36 Creaseable
10 min to 100 C for 1 h 
30 min to 150 C for 30 min 
30 min to 200 C for 2 h 
30 min to 300 C for 1 h
282 354/492
Silvered / came off 
plate in cure at 
200° / edges rolled 
up
6 8 / 5 5 / 3 4 Creaseable
54
Table 13. Concentration study for 6FDA/4,4'-O DA (h = 0.78 dl_/g) doped with silver(l) 
acetate /  hexafluoroacetylacetone in dimethylacetamide using the optimum cure of:
10 min to 100 C for 1 h;30 min to 150 C for 30 min;30 min to 175 C for 30 min;
30 min to 200 C for 1 h;30 min to 300 C for Th.
Percent Silver Tg 10% Weight
JbOSS 
Air /  N j
Appearance Reflectivity 
( % U t  
20°, 45% 70°
4% 285 349 / 477
Silvered / 
extensive small 
bubbles
6 6 /5 4 /3 0
6% 281 362 / 507
Flat and silvered 
/ minimal 
bubbling
66/51  / 36
8% 282 352 / 487
Flat and silvered 
/ edges bubbled 6 0 /4 6 /3 6
10% 288 349 / 502
Flat and silvered 
(dulled) / small 
edge bubbles
4 0 /3 6 /3 1
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Table 14, the higher molecular weight resin did appear to affect the migration and 
the formation of a bright mirror, producing less reflective metallized films. It has 
not as yet been ascertained whether more or less silver has been deposited on 
the surface of the film. This will be established in the near future by transmission 
electron microscopy.
Toward the end of our work we obtained an oven door with a window so 
that we were able to continuously watch the curing and metallization of the 
polyimide films. We knew that many of the films bubbled during the cure and 
metallization and to our knowledge the only polyimide film which produced flat 
metallized films was BTDA/4,4'-O DA. However, to our surprise, when 
BTDA/4,4'-ODA was observed during a standard cure cycle, we learned that the 
only reason flat films were obtained was because the entire film formed one large 
bubble near 200 °C which collapsed to a flat film at ca. 200 °C. The same 
observation was made with all other polymers which produced flat films. We 
speculate that the reason that the films are bubbling off the glass substrate is 
because the hexafluoroacetylacetonato ligand is thermally decomposing to 
produce volatile products which are trapped under the polymer film. Since the 
polymer is most likely above its effective glass transition temperature, the film is 
flexible and balloons. This assumption is supported by the fact that when 
(hexafluoroacetylacetonato)(ri4-1,5-cyclooctadiene)silver(l) is injected into the 
GC-MS, we see the fragmentation shown in Figure 6. The baseline peak (100 
%) seen at m/z = 69 is due to the trifluoromethyl cation and the peak at m/z=139 
is the remaining ketene. While in the mass spectrometer the fragmentation is 
produced by electron impact, it is reasonable to assume that similar fragments 
may be thermally produced under the conditions of our metallizations. Indeed, as 
mentioned above the TGA of [(H FA J^-C O D JA g] shows significant thermal 
degradation occurring in the 150 to 200 °C range. The photoelectron
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Table 14. Data for 6 %  and 8 %  silver(l) acetate/hexafluoroacetylacetone doped 
6FD A /4,4 '-O D A  in^dimethylacetamide as a function of resin viscosity.
Percent S if ver t g 10%Weigfot 
toss 
Air7 N2
Appearance Reflectivity 
W a t  
20°, 45% 70*
Pofyimdie
Viscosity
(dL/g)
6 % 281 339 / 457
Flat with some 
small bubbling/ 
duller silver
5 1 /3 7 / 3 4 1.44
8 % 282 347 / 502
Flat with no 
bubbles / 
silvered-white
1 5 /1 9 /2 6 1.44
6 % 282 352/487
Flat and silvered 
/ edges bubbled 6 0 /4 6 / 3 6 0.78
8 % 288 349 / 502
Flat and silvered 
(dulled) / small 
edge bubbles
4 0 /3 6 /3 1 0.78
57
[Abundance 
3 500000 A
TIC: AGHFA70.D
3000000 -
2500000 -
2 0 0 0 0 0 0  -
1500000 -
1000000 -
500000 -
Abundance Scan 62 (0.603 rain): AGHFA70.D
60000 -
139
50000 -
4340000 -
30000 -
2 0 0 0 0  -
10000 - 1195814 208
27
2 0 0;M/Z 20 16040 60 30 100 120 140- >
Figure 6. The gas chromatograph-mass spectrograph of a 1:1 mixture of silver(l) 
acetate and hexafluoroacetylacetone. The injection port was at 250 °C.
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spectroscopy of the glass side of silver(l) acetate/hexafluoroacetylacetone 
m etallized B TD A /4,4 '-O D A  films showed the characteristic peak for a 
trifluoromethyl group.74  During thermal metallization of a BTDA/4,4'-ODA film, 
the film rises off of the glass plate to form one large continuous bubble and then 
slowly deflates. Since photoelectron spectroscopy shows a high concentration of 
fluorine at the glass side surface, we speculate that the gas initially formed may 
be depleted by attack of a CF3 radical on the polymer backbone or by Friedal- 
Crafts acylations with C F 3 CO and/or other fragm ents such as 
trifluoroacetylketene, 0 =C=CH(C(0 )CF3 ).
It is obviously crucial to prevent bubbling during metallization. In an 
attempt to prevent bubbling a series of silver(l)-polymers were cured upon 
different substrates. Three alternative substrates were chosen; polymeric films, 
metal plates, and glass plates modified with a common anti adhesive agent 
(Freekote 33). The results of this study are shown in Table 15. Films produced 
on metal substrates (aluminum and steel) gave films with good reflectivities; 
however, the bubbling problem was not solved. Freekote 33 was sprayed onto 
glass plates and cured at 100°C for 1 h. Then, imidized 6FDA/3,3'-APB and 
6FDA/4,4'-ODA (amic acid) silver(l)-doped films were cast. The polymer did not 
wet the surface effectively and shrunk on the plate. The resulting cured films 
were reasonably reflective and flat, but it was evident that the films had bubbled 
off of the surface and deflated. Several polymeric substrates were used as 
bases with different polymer systems. Undoped poly(amic acids) were cast on 
glass plates and sent through a standard cure cycle to 300 °C. The silver(l)- 
doped resins were then cast onto the undoped polyimide surfaces which 
remained affixed to the glass plates. The films with BTDA/4,4'-ODA cast on 
BTD A /4,4 '-O D A  and BTDA/4,4'-APB also cast on B TD A /4,4 '-O D A  were 
completely free of bubbles and were as reflective as the films cast directly on
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Table 15. Metallization studies of selected poly(amic acids) and polyimides with silver(l) 
acetate/hexafluoroacetylacetone cast on various substrate bases. All silver concentrations 
are six percent. All films were to 300 °C for held for 1 h.
Polymer Substrate
base
Reflectiv­
ity
Flexible Appearance Adhesion
6FDA/3,3,-APB Er(acac)3  XH2 O 
6FDA/3,3’-APB
63 No Silver; pinhead 
bubbles
Excellent
6FD A/3,3' - APB Metal plate 
(steel)
73 Yes Silver; irregular 
surface; bubbled
Excellent
6FDA/3,3'-APB Metal plate 
(aluminum)
60 Yes Silver; pin head 
size bubbles
Excellent
<>PDA/4,4»-MDA Metal plate 
(aluminum)
71 No Silver;bubbled Excellent
BTDA/4,4’-ODA BTDA/4,4'-ODA 853 Yes Silver; bright; flat Excellent
6FDA/3,3'-APB 
(imidized form)
^FDA/33’-APB 45 No Silver; mini-cracks 
owver entire film
Excellent
t)FT>A/3,3*-APB 
(imidized form)
BTDA/d^’-ODA 52 Yes Silver; minimally 
bubbled; uniform 
texture
Excellent
B T l) A/4,41-APB BTDA/4,4’-ODA 55 Yes Silver; flat Poor
I <>FD A/4,4* -ODA <jFDA/4,4’-ODA 58 Yes Silver; mini-cracks 
owver entire film
Fair
6FDA/4,4’-ODA Freekote 33 61 Yes Silver; flat; large 
bubbles had 
formed and 
deflated
Fair
(jFd a Z^F-a Pb  
(imidized form)
Freekote 33 67 Yes Silver; bubbled Excellent
4FDA/3,^-APB  
(imidized form)
PMDA/4,4'-ODA 38 Ves Silver; heavily 
bubbled off of 
substrate
Excellent
<jF IW 3,3‘-APB 
(imidized form)
BTDA/33'*APB 44 Yes Silver; small 
uniform bubbles
Excellent
a) Varying reflectivities between 70 and 80 % have been obtained with other similar films. (R. E.
Southward, personal communication.)
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glass plates. (See Table 9.) Both of these films remained adhered to the 
polymeric substrate throughout the cure cycle. BTDA/4,4'-APB cast on 
BTDA/4,4'-ODA, however, had only fair adhesion of the silver layer. However, 
the adhesion was improved relative to the same system cured on a glass 
substrate. 6FDA/3,3'-APB was used with many substrates and did produce 
metallized layers with good adhesion, but the polymer still bubbled to varying 
degrees. However, the bubbling was much less severe with the exception of the 
PMDA/4,4'-ODA base. Thus, there still is hope for finding a suitable substrate for 
the fabrication of very reflective flat films derived from soluble polyimides. In all 
cases producing flat reflective films, the adhesion between the polymeric layers is 
excellent.
The second part of the work of this thesis focuses on attempts to lower 
the linear coefficient of thermal expansion of polyimide films which are cast from 
a DMAc solution of the soluble polyimide 6FDA/3,3'-APB to which lanthanide(lll) 
compounds have been added. We specifically chose a series of holmium(lll) 
compounds to be representative of the lanthanide series. In addition to 
improving the dimensional stability of the polyimide, we wanted to maintain the 
visual clarity and colorlessness of 6FDA/3,3'-APB, which would be of importance 
for optical uses in the visible region of the EM spectrum.
We wanted to investigate a range of lanthanide(lll) compounds because 
the lanthanide series of metal ions have a single stable tervalent oxidation state 
with crystal radii for a coordination number of six decreasing regularly from 117 to 
84 pm .75 These relatively large radii mean that coordination numbers for 
lanthanide complexes are typically greater than six, with eight being the most 
characteristic.76 For example, primary hydration numbers for the lanthanide(lll) 
ions in solution have been established at 8 -9 .77  Thus, we have metal ion 
additives which have expanded coordination spheres and which are hard Lewis
61
acids allowing enhanced binding to polymer donor atoms, particularly oxygen as 
might occur in the imide or ether moieties of 6 FDA/3 ,3 '-APB. DMAc adducts of 
the lanthanide(lll) ions are known such as Gdl3 .8 DMAc whose composition and 
properties suggest eight c o o rd in a tio n .T h e  amide functional group of DMAc is 
very similar to a polymer imide group. Polymer-metal coordination is of 
importance in preventing the migration of metal(lll) compounds to the surface of 
the film during thermal curing. This coordination leads to a uniform 
homogeneous distribution of nanometer size metal clusters or to a mononuclear 
distribution of metal(lll) species throughout the polymer matrix.7 ^ * 5 visual 
clarity is assured in composite films when the particle sizes are less than the 
wavelength of visible light. It was also our expectation that the interaction of the 
metal(lll) phase with polymer would lower the CTE. We chose to investigate a 
series of holmium compounds as prototypes within the lanthanide series.
Table 16 and 17 show the holmium additives which were used to dope the 
6FDA/3,3'-APB resin. The film was typically examined at a concentration of 
metal to polymer repeat unit of 5:1 with some variation about this stoichiometry. 
DMAc was the solvent for all the metal-containing polymer solutions. DMAc is a 
polar aprotic solvent of high dielectric constant and is an excellent solvent for 
polyimides. It is also among the better organic solvents for inorganic salts. Thus, 
DMAc seemed to be an appropriate choice to maximize the solubility of inorganic 
materials in the polymer solution. However, all of the holmium additives were not 
soluble in DMAc. Solubility is essential to maintain visual clarity in thermally 
cured films. However, solubility does not ensure clarity as migration and 
aggregation of initially soluble particles may occur on heating. Thus, Table 16 
can be divided into two parts: 1) the insoluble additives which are holmium(lll) 
oxide and holmium(lll) chloride; and 2) the soluble additives which include the 
holmium acetates (hydrous and anhydrous), tris(2,4-pentanedionato)holmium(lll),
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Table 17. Mechanical data for a series of holmium doped 6FDA/3,3'-APB films 
prepared from the imidized form of the polymer.
Holmium additive Repeat Unit 
/Metal Mole 
Ratio
Tensile
Strength
(K$0
Percent 
Elongation at 
Break
Modulus
(Kst)
Control Control 17.8 5.15 446
H 02O3 5 : 1 16.0 3.65 505
H 0 CI3 5 : 1 16.8 4.29 481
H o(C2H302)3:4H20 5 : 1 16.7 4.11 490
Ho(C2H302)3:4H20 2.5 : 1 18.1 4.12 575
Ho(C2H30 2)3:4H20 1.67 : 1 Sample to well adhered to remove 
from glass plate
Ho(C2H 3 0 2)3
(anhydrous)
5 : 1 13.3 4.35 381
Ho(C5H702)3:3H20 10 : 1 20.2 4.40 559
Ho(C5H702)3:3H20 7.5 : 1 18.3 4.02 547
Ho(C5H702)3:3H20 5 : 1 19.4 3.90 589
Ho(C5H702)3:3H20 2.5 : 1 15.1 2.66 617
H o(N 0 3)3 5 : 1 20.2 4.11 577
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Table 17. Mechanical data for a series of holmium doped 6FDA/3,3'-APB films 
prepared from the imidized form of the polymer.
Holmium additive Repeat Unit 
/Metal Mole 
Ratio
Tensile 
Strength 
.:. (Ksi)
Percent 
Elongation at 
Break
Modulus{Ksi)
Control Control 17.8 5.15 446
H02O3 5 : 1 16.0 3.65 505
H0 CI3 5 : 1 16.8 4.29 481
H o(C2H302)3:4H20 5 : 1 16.7 4.11 490
Ho(C2H30 2)3:4H20 2.5 : 1 18.1 4.12 575
Ho(C2H302)3:4H20 1.67 : 1 Sample to well adhered to remove 
from glass plate
Ho(C2H 30 2)3
(anhydrous)
5 : 1 13.3 4.35 38.1
Ho(C5H 702)3:3H20 10 : 1 20.2 4.40 55.9
Ho(C5H702)3:3H20 7.5 : 1 18.3 4.02 54.7
Ho(C5H70 2)3:3H20 5 : 1 19.4 3.90 58.9
Ho(C5H702)3:3H2Q 2.5 : 1 15.1 2.66 61.7
H o(NQ3)3 5 : 1 20.2 4.11 57.7
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and holmium(lll) nitrate. Holmium(lll) chloride is soluble in water and appears to 
be slightly soluble in DMAc.
The coefficient of thermal expansion of imidized 6FDA/3,3'-APB cast on a 
glass plate is 48.5 ppm/°C. The addition of the insoluble holmium(lll) oxide and 
chloride gives what are generally known as “filler” composites with particle sizes 
above the micron range. Thus, the films are not clear. Holmium(lll) oxide, which 
is an inert material, gives a composite film with a slightly elevated CTE relative to 
the control. This indicates that there no significant interaction between the oxide 
surface and polymer chains. X-ray diffraction (Figure 7 and Table 18) of the film 
clearly shows that the oxide remains intact in the polymer matrix during the 
thermal cure cycle. The partially soluble holmium(lll) chloride shows a much 
larger CTE lowering. The final cured film again contains greater than micron 
sized particles, which are clearly visible and which X-ray diffraction (Figure 8 and 
Table 18) suggests is the intact trichloride. The greater CTE lowering of the 
chloride relative to the oxide may be due to some dissolution of the salt to give 
solvated holmium(lll) ions which as hard Lewis acids may promote light 
crosslinking between chains restricting motion. The mechanical properties for 
these two films are summarized in Table 17. Both films show a small increase in 
the tensile modulus and a slight decrease in tensile strength. It is common for 
the modulus to increase as the CTE decreases as seen in Figure 15 which 
displays graphically modulus versus CTE data from Auman.44 Why the modulus 
for the oxide composite with the highest CTE is higher than the modulus for the 
chloride with a lower CTE is unclear.
The anhydrous and hydrated holmium(lll) acetates are soluble in the 
polyimide-DMAc solution and give clear films when cast at room temperature. 
On curing the holmium(lll) acetate tetrahydrate film at a 5:1 mole ratio (metal to 
repeat unit), the film was perfectly clear. The X-ray scan (Figure 9 and Table 18)
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Table 18. X-ray diffraction data for holmium doped 6FDA/3.3-APB films 
prepared from the imidized form of the polymer.
Hofium additive Repeat Unit/ 
Metal Ratio
X-ray Diffraction 
(d spacings)
H 02O3 5 : 1 Six most prominant d-values 
3.04, 2.63, 2.07, 1.87,
2.49, 1.60
H 0C I3 5 : 1 Four most prominant peaks 
6.51(100), 3.33(55), 
2.74(34), 2.51(62)
H o(C 2H 302)3:4H 20 5 : 1 7 .03(100)
H o(C 2H 302)3 :4H 20 2.5 : 1 6.96(100), 3.53(14), 
3.41(11), 2.80(6), 2.69(2), 
2.37(3 )
H o(C 2H 302)3:4H 20 1.67 : 1 9.04(100), 7.40(56), 
3.30(34), 3.13(63),
H o(C 2H 3 02)3
(anhydrous) 5 : 1
Weak reflections only at 
9.06(100), 7.40(61), 
6.66(41), 3.50(14), 2.34(5)
H o(C 5H 702)3:3H 20 10 : 1 Amorphous 6FDA/APB halo
H o(C 5H 702)3 :3H 20 7.5 : 1 Amorphous 6FDA/APB halo
H o(C5H 702)3 :3H 20 5 : 1 Amorphous 6FDA/APB halo
H o(C 5H 702)3:3H 20 2.5 : 1 Amorphous 6FDA/APB halo
H o(N 0 3)3 5 : 1 Amorphous 6FDA/APB halo
(O
o/iudd) 
3
1
0
67
60
y = 60.243 - 8.7447X RA2 = 0.781
50
□ □
40
30
20
10
0
10
860 42
Modulus (psi x E-5)
Figure 15. Variation of the coefficient of thermal expansion with tensile modulus. 
(Data are for the polymers listed in Tables 7 and 8.)
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showed essentially only the amorphous 6FDA/3,3'-APB halo with one additional 
sharper peak visible at a d spacing of 7.03 A. Transmission electron microscopy 
displayed in Figure 10 shows that in the inorganic phase particles are less than 
100 nm in diameter which is consistent with the visual transparency. The CTE of 
this nanocomposite film is 43.2 ppm/°C, an 11 % lowering relative to the control. 
With this observed lowering it seemed worthwhile to investigate higher 
concentrations of the hydrated acetate. However, at concentrations of 2.5:1 and 
1.67:1 the cured films were hazy indicating the separation of an inorganic phases 
with large particle sizes. It seems that the separation of the additive or products 
derived therefrom renders them less effective in generating a CTE lowering as 
the observed CTE’s were increased (43.9 and 47.0 ppm/°C) relative to the 5:1 
film. At this point we had at least established that it was possible to obtain a 
visually clear film with a lowered CTE with a soluble lanthanide(lll) additive. The 
mechanical properties of the 5:1 tetrahydrate film were not greatly altered relative 
to the control.
The anhydrous holmium(lll) acetate at 5:1 was initially soluble but the 
cured film was not visually clear. The X-ray scan (Table 18) showed several 
reflections rising out of the polymer halo which suggests that a crystalline 
inorganic phase is developing during thermal curing. This was the only doped 
film where the modulus and the tensile strength were significantly lower than that 
of the control, and there was virtually no lowering of the CTE. Further studies 
with the anhydrous material were abandoned.
The nitrate salts of the lanthanide series are the obvious first choice to 
investigate as a soluble polyimide dopant. The salts are readily available and 
have excellent solubility in polar aprotic solvents which are also the choice for 
polyimides. The use of holmium(lll) nitrate gave a film which was visually clear 
and had a striking lowering of the CTE, 31.9 versus 48.5 ppm/°C. The
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Figure 10. Transmission electron microscopy of the 5 % holmium(lll) acetate 
tetrahydrate/6FDA/3,3-APB film.
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mechanical properties of this film showed significant increase in the modulus and 
tensile strength as might be expected from Table 17. We found that the film was 
not flexible, breaking in two with a fingernail crease. We did not investigate 
additional nitrate concentrations because of the oxidizing character of the nitrate 
anion.
The most promising of the additives was tris(2,4-pentanedionato)- 
holmium(lll) which was examined at concentrations of 10:1 through 2.5:1. At the 
standard 5:1 doping ratio a 31 % decrease in the CTE was observed with the film 
retaining visual clarity. While the TEM indicated particle sizes shown in Figure 11 
from some 10 to 100 nm, the X-ray (Figure 12 and Table 18) showed no 
crystalline inorganic phase. The modulus and tensile strength were high, yet the 
film was flexible by the fingernail crease criteria. The 2.5:1 film was brittle which 
is consist with the elevated modulus. Even at concentrations of 10:1 and 7.5:1 
there was a noticeable decrease in the CTE. Other lanthanide(lll)-2,4- 
pentanedionate complexes have also been found to be effective in lowering the 
CTE of fluorinated polyimides.7^
W e do not know the mechanism for the lowering of the CTE with a 
holmium(lll) dopant. We do know that there is a much greater CTE lowering with 
tris(2,4-pentanedionato)holmium(lll) than with holmium(lll) acetate tetrahydrate. 
It is clear from the thermal gravimetric analysis of these two additives shown in 
Figures 13 and 14 that the acetate is a much more thermally stable compound 
than the acetylacetonate complex. The acetate has significant thermal stability to 
near 300 °C while the acetylacetonate complex begins to undergo thermal 
reaction well below 200 °C. Thus, we postulate that the mechanism for CTE 
reduction may involve intermediate holmium compounds which react with 
p o l y m e r  f o r me d  t hrough t he r ma l  de compo s i t i on .  The  
tris(dibenzoylmethane)lanthanide(l!l) complexes also have very little effect on the
Figure 11. Transmission electron microscopy of the 5 % tris(2,4-pentane 
dionato)holmium(lll)/6FDA/3,3-APB film.
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CTE of 6FDA/3,3'-APB, and these complexes are thermally similar to the 
acetates.7 9 We have initiated model studies to obtain information on how 
lanthanide compounds react with polymer segments at higher temperatures, but 
these studies are incomplete at this point.
The results that we have obtained with the holmium(lll) series of 
compounds with 6FDA/3,3'-APB are mixed. On the positive side we have shown 
that inorganic lanthanide additives can lead to a significantly lowered CTE while 
maintaining inorganic particle sizes which leave the films visually clear, i.e., we 
can form nanocomposite films. The films retain much of the thermal stability of 
the control as seen from the ten percent weight loss data of Table 17. On the 
negative side the mechanical properties of the films with low CTE’s was less than 
optimal with the films tending to show brittle character and to darken in color. 
Also, we had an initial expectation that a crystalline inorganic phase would be 
formed that might have enhanced the polymer properties similar in part to the 
silicate work of Yano et al.5^ Such was not the case. In conclusion, we have 
established that inorganic additives can bring about as much as a 30 percent 
lowering of the CTE. Migration of an inorganic phase to the polymer surface can 
be controlled to give a homogeneous dispersion of a metal phase. The particle 
size of the inorganic phase can be moderated to leave the resulting composite 
films visually clear.
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